BP-80, later renamed VSR PS-1 , is a putative receptor involved in sorting proteins such as proaleurain to the lytic vacuole, with its N-terminal domain recognizing the vacuolar sorting determinant. Although all VSR PS-1 characteristics and in vitro binding properties described so far favored its receptor function, this function remained to be demonstrated. Here, we used green fluorescent protein (GFP) as a reporter in a yeast mutant strain defective for its own vacuolar receptor, Vps10p. By expressing VSR PS-1 together with GFP fused to the vacuolar sorting determinant of petunia proaleurain, we were able to efficiently redirect the reporter to the yeast vacuole. VSR PS-1 is ineffective on GFP either alone or when fused with another type of plant vacuolar sorting determinant from a chitinase. The plant VSR PS-1 therefore interacts specifically with the proaleurain vacuolar sorting determinant in vivo, and this interaction leads to the transport of the reporter protein through the yeast secretory pathway to the vacuole. This finding demonstrates VSR PS-1 receptor function but also emphasizes the differences in the spectrum of ligands between Vps10p and its plant equivalent.
INTRODUCTION
The plant secretory system is far less easy to study than its yeast counterpart, mainly due to the lack of an equivalent mutant collection. Plant and yeast cells, in opposition to mammalian cells, do not use the mannose 6-phosphatebased lysosomal sorting tag (Kornfeld, 1992) ; instead, the sorting information is carried by a peptidic sequence. In yeast, the two vacuolar proteins carboxypeptidase Y (CPY; Johnson et al., 1987) and proteinase A (Klionsky and Emr, 1989) both are produced with an N-terminal propeptide responsible for the vacuolar location of the mature protein. Almost 50 mutants defective for vacuolar protein sorting ( vps ) have allowed the identification of proteins involved in the yeast vacuolar sorting pathway. One of these proteins, Vps10p, plays a central role because it is the vacuolar receptor for CPY (Marcusson et al., 1994) . Vps10p also is able to send foreign or malfolded proteins to the vacuole for degradation in a process that is believed to be independent of any sorting signal (Hong et al., 1996) .
In plants, two main types of vacuolar sorting determinants (VSDs) have been well studied and are believed to correspond to two separate vacuolar sorting pathways. The first type could be defined as a sequence-specific VSD (ssVSD) and has been well studied for barley aleurain (Holwerda et al., 1992) and sweet potato sporamin A (Matsuoka and Nakamura, 1991) . For these two examples, the VSD is lo-cated within an N-terminal propeptide and contains a conserved tetrapeptide NPIR, the Ile being essential (Matsuoka and Nakamura, 1999) . The position of this category of VSD seems to be less important than its sequence specificity, as shown with sporamin A (Koide et al., 1997) . The second type of VSD is found in C-terminal propeptides (Ct-VSD); it is rather short with no obvious sequence conservation but needs to be accessible from the C terminus of the proprotein. The best-studied examples were found in tobacco chitinase A (Neuhaus et al., 1991) and barley lectin (Bednarek and Raikhel, 1991) . There is a third type of VSD that is far less characterized and internal to the polypeptide (reviewed in Neuhaus and Rogers, 1998) .
Little is known about the pathway that uses Ct-VSDs besides its higher sensitivity to wortmannin, a phosphatidylinositol 3-kinase inhibitor, in the BY2 tobacco cell line (Matsuoka et al., 1995) . In contrast, a good candidate for a vacuolar sorting receptor involved in an ssVSD-associated pathway has been identified. This putative receptor, BP-80 (binding protein of 80 kD), was first isolated from pea clathrin-coated vesicles (CCVs) by its ability to bind proaleurain VSD in vitro. This binding was pH sensitive because it occurred at neutral pH and was abolished at pH 4.0. Binding assays also showed the specificity of interaction between BP-80 and its ligand, because the related ssVSD from sporamin A was partially able to compete with aleurain VSD, but barley lectin Ct-VSD was not (Kirsch et al., 1994) . BP-80 is a type I protein with its N-terminal domain involved in recognizing the proaleurain VSD (Kirsch et al., 1994) . BP-80 was further characterized and cloned (Paris et al., 1997) . In addition to CCVs, it is localized in dilated ends of the Golgi apparatus, a possible plant trans -Golgi network, as well as in small structures next to the central vacuole that are assumed to be prevacuoles (Paris et al., 1997) . Several homologs were identified in different species, including Arabidopsis, rice, and maize. BP-80 therefore was renamed VSR PS-1 (vacuolar sorting receptor from Pisum sativum number 1; Paris et al., 1997) .
Although all of its characteristics favor its role as a vacuolar sorting receptor, the function of VSR PS-1 has not been proven, and such a demonstration is always a challenge. Here, we set up an in vivo test in yeast to demonstrate the vacuolar sorting and targeting functions of VSR PS-1 . In a yeast strain deficient for the main vacuolar sorting receptor, Vps10p, we expressed VSR PS-1 together with green fluorescent protein (GFP) fused to various VSDs. In this mutant yeast, our reporter accumulated in the vacuole exclusively when it was fused to the proaleurain VSD and expressed together with the putative receptor VSR PS-1 . This not only demonstrated that VSR PS-1 interacts with aleurain VSD in vivo but also that this interaction leads to transport of the reporter through the yeast secretory system to the vacuole. This assay therefore provides a straightforward tool to address the specificity of interaction between VSR PS-1 and its ligand in vivo, and we already have found that the plant receptor has a more restricted set of ligands than its yeast equivalent Vps10p.
RESULTS

GFP Is an Appropriate Reporter in Which to Study Plant VSDs in Yeast
It has been reported that a potentially secreted form of GFP was sent to the vacuole in wild-type yeast (Kunze et al., 1999) . To determine whether this was also the case in a strain with a disrupted gene for the yeast vacuolar receptor Vps10p ( ⌬ vps10), we transformed this mutant yeast with the two control constructs represented in Figure 1 , a secreted GFP (Sec-GFP) and a GFP fused to the yeast CPY vacuolar signal (CPY-GFP).
The potentially secreted form of the reporter, Sec-GFP, was expressed in a ⌬ vps10 mutant strain, and the intracellular accumulation pattern of fluorescence was analyzed and compared with that found in a wild-type yeast cell. The resulting transformed strains were observed using a confocal microscope, as shown in Figure 2A (Sec-GFP). The wildtype yeast strain showed GFP fluorescence (green) accumulating intracellularly, meaning that our reporter is efficiently produced and fluoresces in yeast. The subcellular location of the reporter (green) can be clearly identified as vacuolar by using a dye specific for the vacuolar membrane, FM 4-64 (red). For more clarity, a set of four images is presented from the same cells, the third one representing a merged and pseudocolored image of GFP in green and FM 4-64 in red. Unlike the wild type, the ⌬ vps10 strain ( Figure  2A , Sec-GFP) was not able to retain the reporter Sec-GFP intracellularly because no GFP-linked fluorescence was accumulated in these cells. This result clearly showed that the absence of fluorescence in the mutant strain is the result of VPS10 disruption. We then assessed by immunoblot ( Figure  2B ) the ratio of GFP found in the medium to GFP retained within the cell for both strains. Some Sec-GFP was clearly found in the cell fraction (c) both from a wild-type and a mutant strain ( ⌬ vps10), but the amount of GFP was significantly lower when the gene for Vps10p was disrupted. This finding indicated, as described previously (Kunze et al., 1999) , that GFP is sent to the vacuole in wild-type yeast, and our results additionally demonstrated that this is due to Vps10p activity. This is also in accord with previous observations showing a low specificity for Vps10p that can send to the vacuole for degradation many proteins that are either foreign to yeast or not properly folded (Hong et al., 1996) .
We similarly tested how the yeast vacuolar determinant from CPY was handled by yeast when fused to GFP. We expressed the construct CPY-GFP ( Figure 1 ) in both the wildtype and ⌬ vps10 strains and observed the cells by confocal microscopy, as shown in Figure 2A (CPY-GFP). As expected, the CPY-GFP was found predominantly in the central vacuole of the wild-type yeast because the GFPfluorescent structures (green) were clearly surrounded by the vacuolar membrane marker (red). In contrast with the wild type, the mutant strain ( ⌬ vps10) no longer accumulated a detectable amount of CPY-GFP in the vacuole. These results were reinforced by immunoblot analysis ( Figure 2B ). As seen on the CPY-GFP immunoblot, a significant proportion of reporter protein was secreted (m) by mutant cells ( ⌬ vps10) compared with wild-type cells. The amount of CPY-GFP still found intracellularly by ⌬ vps10 cells (c) may represent a form of the reporter on its way out of the cell with a uniform and weak fluorescent pattern under confocal Sec-GFP, the secreted form of GFP in which the Arabidopsis chitinase B signal peptide (s.p.) was fused to GFP5 (GFP); CPY-GFP, the signal peptide and the N-terminal propeptide from the yeast CPY (detailed) were fused to GFP5; GFP-Chi, the Ct-VSD of the tobacco chitinase A (detailed) was fused to the secreted form of GFP (Sec-GFP); aleu-GFP, the CPY signal peptide was fused with petunia aleurain VSD (detailed) to the N terminus of GFP5. For comparison (in parentheses), the corresponding sequence of the previously described VSD from barley proaleurain (Holwerda et al., 1992) is shown. Underlined amino acids are essential for vacuolar targeting. microscopy, as is seen occasionally in some yeast. Most importantly, GFP did not accumulate in any specific subcellular location, including the vacuole.
Although confocal microscopy leads to comparable GFP images for CPY-GFP and Sec-GFP expressed in yeast, immunoblot analysis ( Figure 2B ) showed that the reporter was more efficiently retained inside the wild-type cells when it carried the additional CPY vacuolar signal. This could mean that there is a signal-specific mechanism linked to the presence of the CPY determinant in addition to the retention mechanism involved in sending foreign or malfolded proteins to the vacuole. This finding suggests that, like the CPY vacuolar signal, any potential vacuolar determinant will be exposed properly to the sorting system when fused to the GFP reporter. In addition, the fact that neither Sec-GFP nor CPY-GFP was found in the vacuole of the mutant strain showed that there is no targeting machinery, independent of Vps10p, that will send GFP to the vacuole. Therefore, these control constructs allowed us to conclude that (1) GFP can be used as a reporter for vacuolar sorting in a yeast strain that lacks a functional Vps10p, and (2) GFP should properly present a given VSD to its appropriate receptor.
The Petunia Aleurain Propeptide Is Sufficient, in Plants, to Target GFP to the Vacuole
We wanted to test two types of plant signals that are presumably representative of two different vacuolar sorting pathways. The tobacco chitinase A VSD is sufficient to send GFP5 to a neutral pH vacuole in tobacco protoplasts (Di Sansebastiano et al., 1998) . We also wanted to use a representative of the sequence-specific type of signal, the barley aleurain VSD (Holwerda et al., 1992) . In barley proaleurain, the VSD is composed of 24 amino acids organized in three subgroups, each of which is able to partially redirect a normally secreted protein to the vacuole in protoplasts from tobacco-derived suspension cells. Unfortunately, because codon use preferences are very different between cereals and yeast, we had to replace the well-described barley aleurain VSD with an equivalent coding sequence from the dicot (A) The living cells were visualized with a confocal microscope after 24 hr of induction. The constructs, either a secreted form of GFP (Sec-GFP) or a GFP fused to the yeast vacuolar signal from CPY (CPY-GFP), were expressed in wild-type cells (WT) or in a yeast disrupted for the gene encoding the vacuolar receptor Vps10p ( ⌬ vps10). Each condition combines four images from the same cells: from left to right, GFP fluorescence, FM 4-64 staining of a vacuolar membrane, a pseudocolored merged image with GFP in green and FM 4-64 in red, and the transmitted light image. Bars ϭ 5 m. (B) After 24 hr of induction, the transformed cells were separated in two fractions: the cell extract (c) and the medium (m). Both extracts then were immunolabeled with anti-GFP antibodies. Molecular masses of standards are indicated to the left in kilodaltons. petunia. We took amino acids 1 to 44 from petunia preproaleurain that should contain the vacuolar sorting information equivalent to its barley counterpart. Figure 1 shows an alignment of the petunia sequence (aleu-GFP, detailed) and barley proaleurain VSD (in parentheses). Both sequences are highly homologous and contain the tetrapeptide NPIR that has been shown to be essential for targeting. Nevertheless, we had to show that this petunia aleurain sequence was sufficient for vacuolar sorting in plants by using GFP as a reporter. In our laboratory, we had already used the whole propeptide (119 amino acids) from barley aleurain fused to GFP and found that the reporter accumulated in an acidic vacuole (Di Sansebastiano et al., 2001) . This necessitated the use of a more stable and brighter variant of GFP5, called GFP6, which differs from GFP5 by the mutations F64L and S65T described previously (Cormack et al., 1996) .
For transient expression in plants therefore, we fused GFP6 to the first 44 amino acids from petunia preproaleurain, including the signal peptide and the potential VSD. We transformed tobacco leaf protoplasts with the GFP chimera and observed the fluorescence by using a confocal microscope after 24 hr of transient expression, as shown in Figure 3 . In many cells, we found aleu Ph -GFP6 fluorescence ( Figure 3A , green) accumulated in the large central vacuole that occupies almost all of the cell volume ( Figure 3B ). This vacuolar location is easy to distinguish in cytoplasmic staining because in internal confocal sections the latter is limited to a thin layer at the periphery of the cell (Di Sansebastiano et al., 1998) . In addition to the large central vacuole, occasional small GFPlabeled structures were visible that may represent intermediate transport compartments (Figure 3 , cell at bottom). This result clearly showed that within petunia preproaleurain, the 24 amino acids that follow the signal peptide are sufficient for vacuolar sorting in plants, as are their barley homologs.
VSR PS-1 Redirects the GFP Reporter to the Yeast Vacuole When Fused to Petunia Aleurain VSD
Because we found that GFP5 is a suitable reporter for vacuolar targeting studies in a ⌬ vps10 yeast, we fused it with each of two representative VSDs we chose from plants (Figure 1) , tobacco chitinase A (GFP-Chi) and petunia aleurain (aleu-GFP). As shown in Figure 4 , both constructs were efficiently expressed by a wild-type strain, because the reporter was visible and accumulated in the vacuole, as in controls. As for the secreted form of GFP, the fluorescence was no longer seen intracellularly when the same two fusion proteins with plant signals were expressed in the mutant strain ( ⌬ vps10). This means that the two plant VSDs did not lead to intracellular retention of our reporter in yeast in the absence of Vps10p. The aleurain chimera was produced and tested with the signal peptide of yeast CPY (as shown here) or with the petunia aleurain's own signal peptide with identical results (data not shown).
In ⌬ vps10 yeast cells transformed by each of the four GFP fusion proteins described previously, we coexpressed the sequence coding for the putative plant vacuolar sorting receptor, VSR PS-1 . As shown in Figure 5A , this coexpression did not lead to any retention of Sec-GFP, CPY-GFP, or GFP-Chi. In contrast, VSR PS-1 clearly affected aleu-GFP distribution because the reporter accumulated in the lumen of the vacuole (Figure 5A , aleu-GFP ϩ VSR PS-1 ). The vacuolar location of the GFP (green) was clearly confirmed using FM 4-64 to stain the vacuolar membrane (red). The exclusive vacuolar location of aleu-GFP was even more visible in the GFP channel alone (far left). All of the confocal images presented were taken under the same conditions by using identical laser power for GFP excitation. Therefore, the GFPlinked fluorescences shown here were directly comparable to each other, meaning that a similar amount of aleu-GFP accumulated in the vacuole due to coexpression with either VSR PS-1 or Vps10p function ( Figures 5A and 4 , respectively).
The percentage of ⌬ vps10 cells that were fluorescent when aleu-GFP and VSR PS-1 were coexpressed reached 60%, which is close to the 70% of fluorescent wild-type cells transformed with the same aleu-GFP. Within this GFP-labeled Living protoplasts expressing aleu Ph -GFP6 were visualized using a confocal microscope 24 hr after transformation. Two cells are shown after illumination with either the dual fluorescein isothiocyanate/tetramethylrhodamine isothiocyanate fluorescence filter (A) or transmitted light (B). The fluorescence image uses the attributed pseudocolors green for GFP and red for chloroplast autofluorescence. Bar in (A) ϭ 10 m. population of ⌬ vps10 cells, 67% accumulated aleu-GFP in a vacuolar pattern. The other, much less abundant pattern is diffuse, similar to aleu-GFP alone in a ⌬ vps10 strain and may be due to a lack of coexpression of VSR PS-1 in those cells. This high percentage of aleu-GFP redirected to the yeast vacuole because of the putative plant receptor suggests that VSR PS-1 is as efficient as Vps10p in terms of vacuolar sorting and targeting.
As shown in Figure 5C , we performed an immunoblot analysis after 48 hr of induction. At this stage, the level of expression decreased due to the exhaustion of galactose; therefore, much of the reporter should have reached its final destination. Figure 5B shows the GFP pattern observed under confocal microscopy after this longer culture time. The fluorescence accumulation pattern is identical to that found at 24 hr, with even less residual nonvacuolar labeling. On the immunoblot at this stage, we detected less of the higher molecular weight transport intermediates than after shorter culture times (data not shown). The predominant form that we observed at 48 hr ( Figure 5C , aleu-GFP) is similar in size to native GFP, suggesting that the VSD has been removed. This immunoblot analysis confirmed a significant intracellular retention of the reporter when aleu-GFP and VSR PS-1 were coexpressed in a ⌬ vps10 strain. Compared with the signal obtained for a wild-type cell expressing the same aleu-GFP construct (left lane), VSR PS-1 -mediated retention is an efficient process. In the negative control represented by GFP-Chi ϩ VSR PS-1 , the GFP signal found intracellularly was almost undetectable, and a longer exposure time was required to make it visible ( Figure 5C , bottom). Most importantly, the presence of this residual GFP-Chi was not due to the presence of VSR PS-1 because a similar amount of reporter was retained as well in a mutant yeast cell.
Because the NPIR motif was shown to be a major component of the barley aleurain VSD (Holwerda et al., 1992) and to be essential for the sporamin VSD (Matsuoka and Nakamura, 1999) , we performed a preliminary experiment to investigate the importance of the NPIR motif from the aleurain VSD in our assay. The Ile therefore was replaced with a glycine in the aleu-GFP chimera. When coexpressed with the plant receptor, we found an obvious diminution in the percentage of cells with a GFP-labeled vacuole as well as an overall diminution in intensity compared with the original aleu-GFP (data not shown). Although we could not express our results in a quantitative way, this finding nevertheless suggested that the sequence specificity feature of the aleurain VSD is as essential in our yeast assay as it has been shown to be in plant cells. The fact that we did obtain an intermediate answer between negative and positive control cells also is in agreement with previous work showing that the barley aleurain VSD with all four NPIR amino acids mutated was still able to target 25% of aleurain to the vacuole in tobacco culture cells (Holwerda et al., 1992) .
The effect of VSR PS-1 therefore is linked exclusively to the presence of the ssVSD, as in petunia proaleurain, because the plant receptor does not retain the reporter when it carries The living cells were visualized with a confocal microscope after 24 hr of induction. The constructs, either a GFP fused to the tobacco chitinase A VSD (GFP-Chi) or the petunia aleurain VSD fused to GFP (aleu-GFP), were expressed in wild-type cells (WT) or a yeast disrupted for the gene encoding the vacuolar receptor Vps10p (⌬vps10). Each condition combines four images from the same cells as described for Figure 2A . Bars ϭ 5 m. a different type of plant VSD (GFP-Chi) and is less efficient when the essential NPIR sequence is mutated. The fact that VSR PS-1 did not affect Sec-GFP repartition also suggests that VSR PS-1 is different from Vps10p in its ability to target foreign or misfolded proteins to the yeast vacuole.
VSR PS-1 Apparently Traffics within the Yeast Secretory System Like Its Equivalent Vps10p
To assess where the plant receptor accumulated in the yeast cell, we performed immunolabeling, as shown in Figure 6 . First, we labeled cells expressing the plant receptor with antibodies directed against VSRs ( Figure 6A ). The dotlike labeling pattern for VSR PS-1 is absent from an untransformed cell ( Figure 6C, inset) , and when merged with a transmitted light image it appears next to the vacuole (Figure 6A, both) . This labeling shows that our plant receptor does not accumulate in the vacuolar membrane or the vacuole even when overexpressed. For comparison, we performed similar immunolabeling on wild-type yeast cells to localize the native Vps10p. As shown in Figure 6B , we also obtained dot-like labeling similar to what has been described previously (Cooper and Stevens, 1996) , and again it was very close to the vacuolar membrane. This result suggests that in a mutant yeast strain the plant vacuolar receptor is located in compartments similar to those accumulating Vps10p in wild-type cells. We then performed double immunolabeling on wild-type strains expressing the plant (A) The living cells were visualized with a confocal microscope after 24 hr of induction. The ⌬ vps10 strain was doubly transformed with the plant putative vacuolar sorting receptor VSR PS-1 and one of the four GFP fusion constructs. These GFP chimera carry no vacuolar signal (Sec-GFP), the CPY yeast vacuolar signal (CPY-GFP), the tobacco chitinase A VSD (GFP-Chi), or the petunia aleurain VSD (aleu-GFP). Each condition combines four images from the same cells as described for Figure 2A (C) Immunoblot analysis after 48 hr of induction by using anti-GFP antibodies on a cell extract from either wild-type yeast (WT) or a yeast disrupted for the gene encoding the vacuolar receptor Vps10p ( ⌬ vps10) and expressing the GFP reporter fused to either the petunia aleurain (aleu-GFP) or the chitinase A (GFP-Chi) VSD in the presence ( ϩ ) or absence ( Ϫ ) of VSR PS-1 . The top and bottom panels represent the same blots exposed for either 5 or 15 sec, respectively. Molecular masses of standards are indicated to the left in kilodaltons. receptor ( Figure 6C ). When merged (both), the two images clearly showed that all of the VSR PS-1 -labeled compartments also labeled for the yeast receptor (arrowheads). This shows that the plant receptor is able to accumulate in the subcellular location where its yeast equivalent is concentrated in the latter case, as a result of controlled cycling between the late Golgi and the prevacuole.
These results suggest that the accumulation of aleu-GFP in the yeast vacuole was not simply the result of one-way cotransport of the plant receptor together with its ligand from the Golgi to the vacuole. They also suggest that at least part of the overexpressed plant receptor may be able to use the yeast sequence-specific trafficking machinery.
DISCUSSION
VSR PS-1 was the first putative vacuolar sorting receptor isolated and cloned from a plant based on its hypothetical function. It binds in vitro to the VSD of barley aleurain and to related ssVSDs but not to a Ct-VSD from barley lectin (Kirsch et al., 1994) . Two criteria for the receptor function are now fulfilled by our results: (1) the petunia aleurain VSD, sufficient for vacuolar targeting in plants, is recognized in vivo by VSR PS-1 ; and (2) this interaction causes targeting of the reporter aleu-GFP to the vacuole in ⌬ vps10 yeast. The in vivo demonstration of VSR PS-1 function added to its previously described properties, (1) its pH-dependent binding (Kirsch et al., 1994) similar to the mammalian mannose 6-phosphate system (Kornfeld, 1992) and (2) its subcellular location in plant cells (Paris et al., 1997) , allow us to propose the following model (Figure 7) . At the level of the trans -Golgi (circled 1), where the pH is believed to be neutral or slightly acidic compared with that in the mammalian system, VSR PS-1 would sort proaleurain (gray squares) from other soluble proteins (white squares). More precisely (Figure 7, detail) , the sorting would occur by interaction of the N-terminal domain of VSR PS-1 with the ssVSD carried by proaleurain (aleu.). Simultaneously, VSR PS-1 would expose its C-terminal domain to cytosolic proteins such as adaptins that are involved in CCV formation. The complex of VSR PS-1 and proaleurain then would be transported (circled 2) to an acidic compartment, the prevacuole. Due to the decrease of pH, the ligand then would be released from VSR PS-1 (circled 3). Finally, we propose that the free receptor would be recycled back to the Golgi (circled 4) although it is not fully demonstrated by our data. The shuttle vesicles used by the receptor must be clathrin coated at least in one direction because VSR PS-1 originally was purified from this type of vesicle (Kirsch et al., 1994) .
The fact that VSR PS-1 functions in yeast is an argument in favor of conserved vacuolar targeting machineries between yeast and plants. VSR PS-1 must meet its ligand and therefore must accumulate to some extent in the compartment where vacuolar sorting occurs in yeast, presumably the late Golgi (Graham and Emr, 1991) . Interestingly, immunostaining of VSR PS-1 always colocalized with Vps10p structures, and most importantly, the plant receptor did not show any vacuolar accumulation. These results support the hypothesis that VSR PS-1 , like Vps10p, traffics from the late Golgi to the prevacuolar compartment where aleu-GFP is released and therefore does not migrate from the late Golgi together with its ligand all the way to the vacuole. However, we cannot fully rule out that the plant receptor is sent to the yeast vacuole where it is rapidly degraded, and one still may argue that the high level of expression of VSR PS-1 may lead to a Cells were fixed after 24 hr of culture and immunolabeled with anti-VSR and/or anti-Vps10p antibodies. The resulting immunostaining was visualized using a confocal microscope. (A) A ⌬vps10 cell expressing VSR PS-1 was immunolabeled with anti-VSR antibodies (left). A transmitted image of the same cell (trans.) was taken and merged to the immunostaining image (both). (B) A wild-type cell was immunolabeled with anti-Vps10p antibodies (left). A transmitted image of the same cell (trans.) was taken and merged to the immunostaining image (both). (C) A wild-type cell expressing VSR PS-1 was immunolabeled with anti-VSR and anti-Vps10p antibodies. The immunolabeling images were pseudocolored in green for VSR PS-1 and red for Vps10p and merged (both). The inset shows the background staining with anti-VSR antibodies on untransformed wild-type cells. Arrowheads mark the location of double-labeled compartments. Bars ϭ 1 m. constant and sufficient amount of the plant receptor within the late Golgi with no recycling requirement.
It has been shown that, when overexpressed, the yeast vacuolar receptor Vps10p devoid of its cytosolic domain still sent 35% of CPY to the vacuole in a ⌬ vps10 strain (Cooper and Stevens, 1996) . Yet, these authors also showed that, at a level of expression similar to the wildtype receptor, no residual activity was found for the same truncated receptor. In our overexpressing context, we have preliminary results suggesting that the cytosolic domain of the plant receptor is not necessary for traffic in yeast (data not shown), as was described in plants (Jiang and Rogers, 1998) . The fact that Vps10p and VSR PS-1 colocalize in vivo in yeast can be interpreted as evidence for some recycling in yeast in addition to a constant flow of transport, although we would need a lower expressing system to demonstrate this hypothesis. This led to the exciting suggestion that plant trafficking signals in the cytosolic tail of VSR PS-1 could recruit some of the yeast proteins involved in vesicle formation and, more precisely, in retrograde transport to the late Golgi. The C-terminal domains of VSR PS-1 and Vps10p are extremely different in length as well as in sequence, except for a tyrosine motif that is known to interact with adaptins from CCVs. It will be interesting to pursue this comparison to identify crucial trafficking motifs that may be shared by yeast and plant cells. It also would be interesting to discover the pathway actually used by VSR PS-1 in yeast to determine, for example, which type of adaptin complex is recruited. Two secretory pathways have been shown to send proteins to the yeast vacuole: one for soluble proteins such as CPY, mediated by Vps10p, Pep12p, and AP1 adaptins, and the other for membrane proteins such as alkaline phosphatase (Stack et al., 1995) . The latter pathway is independent from Vps10p and Pep12p and uses AP3 adaptins (Odorizzi et al., 1998) .
Although our results suggest strong similarities between yeast and plant vacuolar trafficking machineries, we found differences in ligand preferences between the respective receptors. Unlike Vps10p, VSR PS-1 recognizes neither the GFP itself as a foreign protein nor the yeast vacuolar signal from CPY. This indicates a divergence between the two sorting systems in terms of their affinity for VSDs. We can expect such a difference because plants have developed a much more complex vacuolar system, having in some cells two if not three (Jauh et al., 1999) different destinations for soluble vacuolar proteins. The Vps10p domain involved in ligand recognition may contain two binding sites, one for sequence-specific interactions and the other for unfolded structures (Jørgensen et al., 1999) . Structural requirements for VSR PS-1 ligand binding have been published recently (Cao et al., 2000) . The authors also found indications for two possible recognition sites in VSR PS-1 , one specific for the NPIR motif and another defined as a "non-NPIR site." Our assay would provide a useful tool to address in vivo the structural features of the N-terminal domain of VSR PS-1 .
The ligand specificity for VSR PS-1 found using in vitro approaches (Kirsch et al., 1994) is now corroborated in vivo by our yeast assay. VSR PS-1 is clearly specific for the type of VSD carried by aleurain and does not recognize tobacco chitinase A VSD, a typical C-terminally required signal. The The trans-Golgi (left) is the region of the secretory pathway where sorting of vacuolar soluble proteins is believed to occur. At this neutral pH, the plant vacuolar sorting receptor (brackets) sorts (step 1) proaleurain (gray squares) from other soluble proteins (white squares). The detail shows more precisely the structure of VSR PS-1 , with its N-terminal domain (N) interacting with the ssVSD carried by proaleurain (aleu.). It also shows the C-terminal domain (C) of VSR PS-1 on the cytosolic side of the membrane that is available for contacts with proteins such as adaptins that are involved in CCV formation. The complex of VSR PS-1 and proaleurain (step 2) is packed into transport vesicles and targeted to an acidic compartment (right). The decrease in pH causes the ligand to be released from VSR PS-1 (step 3) within the acidic compartment, which is possibly a prevacuole. The free receptor then recycles back to the Golgi (step 4), again by means of transport vesicles. We know that CCVs are used by the receptor in plants to shuttle between the Golgi and an acidic compartment, but we do not know in which direction of transport. This model is based on our demonstration of VSR PS-1 function in yeast and on previously published characteristics (Kirsch et al., 1994; Paris et al., 1997). reporter GFP can efficiently expose N-terminal, C-terminal, and even internal peptides (Abedi et al., 1998) and remains fluorescent. Therefore, we can study the interaction between potential signals and VSR PS-1 in a more realistic context than with synthetic peptides linked to an affinity column. The range of ligands that are recognized by VSR PS-1 is an important issue because confusing results implicate either this receptor or members of its growing family of homologs. For example, the VSR homologs PV72 and PV82 from pumpkin recognize two peptides within pro 2S albumin, one internal and one C-terminal (Shimada et al., 1997) . The ssVSD of proaleurain is clearly able to release the doublet at 72 and 82 kD that was retained on a column exposing the internal sequence of 2S albumin, which means that these VSR homologs from pumpkin are able to recognize the two types of sequences. Unfortunately, the internal sequence of pro 2S albumin used in that study has not been demonstrated to be used as a vacuolar signal in the context of the native protein. VSR PS-1 , or a homolog, also recognizes the vacuolar targeting signal carried at the C terminus of 2S albumin in vitro (Kirsch et al., 1996) . Finally, some tobacco VSRs interact with the C-terminal region of a Nicotiana alata protease inhibitor that is necessary for vacuolar targeting (Miller et al., 1999) .
In addition to these VSRs for which ligand affinity was investigated directly, there are other VSR homologs for which we have no direct evidence in terms of vacuolar sorting function besides the high sequence similarities (Ahmed et al., 1997; Paris et al., 1997) . The Arabidopsis VSR family is now represented by at least seven members, and it is not known whether all variants have ligand specificities and subcellular location identical to VSR PS-1 . Together with the original receptor, two variants of VSR PS-1 also were cloned from the same cDNA library made from pea seed (Paris et al., 1997) . It is troubling, therefore, that only one protein was isolated based on its ability to bind in vitro to the proaleurain VSD. So far, there is no available tool, such as antibodies, that would allow one to identify specifically each of these VSR variants in planta, which may explain why contradictory localization results have been published. For example, the same Arabidopsis VSR homolog was found either mainly in a PEP12 prevacuolar compartment (Sanderfoot et al., 1998) or almost exclusively in the plasma membrane (Laval et al., 1999) . To date, the studies on VSR variants subcellular location are puzzling as well, and at this stage it is premature and therefore risky to conclude that all of the VSRs function exactly like VSR PS-1 . It seems more reasonable to postulate that each VSR has a different spectrum of ligands and perhaps even functions in different pathways.
Our assay is now providing a clear and fast in vivo means to investigate each VSR variant in terms of ligand specificity within the limits imposed by the differences between the yeast and plant vacuolar systems. We will need a method to quantitate vacuolar targeting efficiency if we want to compare the possible differences in affinity between different members of the VSR family.
METHODS
Strains and Media
Bacterial strains were grown on standard media (Miller, 1972) . Yeast strains were grown on yeast extract, peptone, dextrose medium, or synthetic dextrose (SD) medium supplemented as necessary (Sherman et al., 1979) . The yeast strains SEY6210 and EMY3 (SEY6210 vps10⌬1::HIS3) have been described previously (Robinson et al., 1988; Marcusson et al., 1994) .
Constructs
All of the constructs used were made according to basic methods described previously (Sambrook et al., 1989) . The yeast-Escherichia coli shuttle vector pGAL was used throughout this study (Blum et al., 1989) . Two derivatives of pGAL were produced: (1) pGAL-BglII was obtained by removing the BglII fragment containing the TRP1 gene, and (2) pYWG1 was obtained by removing the NsiI-PstI fragment containing a part of the URA3 gene. For plant transient expression, we used the vector pGY1, which contains 35S promoter and terminator sequences (Neuhaus et al., 1991) . Green fluorescent protein (GFP) constructs were derived from the previously described plasmids pSGFP5 and pSGFP5T (Di Sansebastiano et al., 1998) .
For yeast expression, the construct containing the secreted GFP (Sec-GFP; Figure 1 ) was obtained by introducing the BamHI-SacI fragment from pSGFP5, which encodes the Arabidopsis thaliana chitinase signal peptide fused in-frame with the GFP5 sequence, in the corresponding sites of pYWG1. The construct containing the GFP fused to the C-terminal propeptide of tobacco chitinase A (GFP-Chi; Figure 1 ) was made by cloning the BamHI-SacI fragment from pSGFP5T, which encodes Sec-GFP5 with the C-terminal addition of the tobacco chitinase vacuolar sorting determinant (VSD), into pYWG1. For the GFP5 fused to the signal peptide and the propeptide from carboxypeptidase Y (CPY-GFP; Figure 1 ), we amplified by polymerase chain reaction (PCR) a fragment encoding the first 50 amino acids of preproCPY by using a plasmid encoding the CPY-invertase fusion protein (pLJL2; a kind gift from E. Marcusson, University of California-San Diego, La Jolla) as a template and two primers generating a BamHI site in 5Ј and a NheI site in 3Ј. The PCR fragment then was used to replace the BamHI-NheI fragment from Sec-GFP5, giving CPY-GFP5. To obtain the fusion between GFP5 and the propeptide of Petunia hybrida aleurain (aleu-GFP; Figure 1) , we first created a maxiprimer containing the first 20 amino acids of CPY (signal peptide) by using pLJL2 as a template and two primers generating a BamHI site in 5Ј and a sequence homologous with codons 21 to 25 of the petunia preproaleurain in 3Ј. This maxiprimer then was used in 5Ј to amplify codons 21 to 44 from preproaleurain by using pETH3 (Tournaire et al., 1996 ; GenBank accession number U31094) as a template and a second primer adding an NheI site in 3Ј. This PCR fragment then was used to replace the BamHI-NheI fragment from Sec-GFP, giving the construct aleu-GFP.
The construct containing VSR PS-1 was obtained by introducing the 2-kb XmaI-KpnI fragment from NP471 corresponding to the full coding sequence (Paris et al., 1997 ; GenBank accession number U79958) in the equivalent sites of pGAL-BglII. All constructs were controlled by sequencing.
For expression in tobacco protoplasts, the first 44 amino acids of preproaleurain from petunia were placed in front of a more stable and brighter derivative of GFP5, called GFP6, which contains the mutations F64L and S65T (Cormack et al., 1996) . We first generated a BamHI site in 5Ј and an NheI site in 3Ј of the first 44 codons of petunia preproaleurain by PCR using pETH3 as a template. We then cloned the resulting fragment with the NheI-SacI GFP5 fragment from CPY-GFP between the BamHI and SacI sites of pGY1. We later introduced the two point mutations within the GFP5 sequence by PCR to give the more stable GFP6. The resulting construct, called aleu Ph -GFP6, is cloned between the 35S promoter and terminator sequences carried by pGY1.
Cell Labeling and Confocal Microscopy
Transformed or cotransformed yeast cells were grown for 24 hr at 30ЊC in selective SD medium containing 2% galactose for induction. We then stained specifically the yeast vacuolar membrane by using the lipophilic styryl dye FM 4-64 (N-[3-triethylammoniumpropyl]-4-[p-diethylaminophenylhexatrienyl] pyridinium dibromide; Molecular Probes, Eugene, OR; Vida and Emr, 1995) . The cells were incubated for 15 min at 30ЊC in inducing SD medium containing 8 M FM 4-64 and then rinsed for 90 min at 30ЊC in inducing SD medium. These incubation times are sufficient for the dye to reach the vacuolar membrane with no residual plasma membrane or endosomal staining. Cells were immobilized on a slide in 0.4% low-melting-point agarose for observation with a microscope. Tobacco (Nicotiana tabacum) protoplasts were isolated from leaves of cv SR1 (Nagy and Maliga, 1976) . A polyethylene glycolbased transformation protocol then was used (Negrutiu et al., 1987; Freydl et al., 1995; Di Sansebastiano et al., 1998) , and the transformed protoplasts were visualized 24 hr after transformation.
Images were collected with a Leica (Wetzlar, Germany) confocal laser microscope by using a Leica TCS 4D operating system. Either a fluorescein isothiocyanate or a tetramethylrhodamine isothiocyanate filter set was used to detect GFP or FM 4-64, respectively. Digital images were pseudocolored using Adobe Photoshop version 4.0.1 (Mountain View, CA), with red attributed to FM 4-64 and green attributed to GFP. An image with transmitted light also was collected using the confocal microscope.
Immunostaining was performed on ⌬vps10 or wild-type cells grown overnight in inducting conditions when transformed with VSR PS-1 . Cells were fixed using a modified version of the standard protocol (Pringle et al., 1991) . The cells then were fixed in their growing medium for 1 hr with 3.7% formaldehyde at 30ЊC and for at least 12 hr at room temperature with 0.1 M KPO 4 , pH 6.4, containing 3.7% paraformaldehyde. They were washed three times in buffer alone and once with buffer A (1.2 M sorbitol, 0.12 M K 2 HPO 4 , and 33 mM citric acid, pH 5.9). The cell wall was digested using ␤-glucuronidase at 10,000 units/mL (slug juice; Sigma) and 5 mg/mL zymolyase 20T (ICN Biomedical, Costa Mesa, CA) in buffer A for 75 min at 30ЊC. After washing, the membranes were treated with 0.5% Triton X-100 for 5 min, and immunolabeling was performed as described previously . The primary antibodies used were the monoclonal 14G7 anti-VSR antibodies at a 1:100 dilution (Paris et al., 1997) and the anti-Vps10p serum (a gift from Scott Emr, University of California-San Diego, La Jolla) at a 1:100 dilution. The secondary antibodies used were anti-mouse rhodamine Red-X conjugated or antirabbit fluorescein conjugated (catalog numbers 115-295-100 and 711-095-152, respectively; Jackson ImmunoResearch, West Grove, PA) at a dilution of 1:100.
Protein Gel Blot Analysis
Transformed yeast cells were incubated at 30ЊC in inducing SD medium containing 2% galactose to an OD 600 of 5 to 10. Cells equivalent to 5 OD 600 units were collected and separated from the culture medium by centrifugation. The cell pellet was resuspended in SDS gel sample buffer (Laemmli, 1970) , frozen in liquid nitrogen, and boiled for 10 min at 100ЊC. Freezing and boiling were repeated twice. The crude cellular extract then was centrifuged at 14,000g for 10 min to remove debris. Proteins were precipitated from the medium with 10% trichloroacetic acid for 15 min at Ϫ20ЊC and then recovered by centrifugation (10,000g, 30 min). The trichloroacetic acid pellet was washed twice in acetone and resuspended in 20 L of SDS gel sample buffer. The cell extract and the proteins from the medium (both equivalent to 5 OD 600 units) were loaded on a 12% SDS-PAGE gel. Immunoblots were prepared as described previously (Towbin et al., 1979) using anti-GFP antibodies (diluted 1:5000; Molecular Probes) and secondary goat anti-rabbit antibodies (diluted 1:30,000) coupled to alkaline phosphatase (Sigma). The bands then were visualized using the IMMUN-STAR chemiluminescent protein detection system (Bio-Rad).
